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Abstract

The UK’s water distribution networks contain large numbers of decades-old Grey Cast Iron (GCl) water pipes
which are well known to deteriorate in service, develop leaks and ultimately burst. Reducing leakage has become
a priority for UK water companies to provide a resilient water service in the face of climate change, population
growth and other pressures. The huge number of GCI water pipes still in service coupled with very low pipe
replacement rates mean the remaining GCI pipes cannot be replaced wholesale. This paper makes use of
recently published multiaxial fatigue data for GCI pipes to investigate whether the multiaxial combination of loads
experienced by a GCI water pipe could be used to identify pipes at a greater risk of failure. Based on a
comparison of loading scenarios, this study concluded that considering the multiaxial combination of loads
applied to a pipe does have the potential to help inform pipe replacement decisions, enabling high-risk pipes to
be prioritised for replacement.
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1. Introduction

Pipes made of Grey Cast Iron (GCI) are common in many UK water distribution networks, and around the world,
and are often identified as having high failure rates compared to other pipe materials [1]. The UK water industry
has committed to halving leakage rates by 2050, compared to 2018 levels [2], but only replaces around 0.1 % of
pipes per year [3]. As a result, old GCI pipes will not be completely removed from service in the foreseeable
future. To help reduce leakage rates in a cost-effective way techniques must be developed which enable targeted
replacement of old GCI water pipes before they start leaking [2]. Figure 1 shows an example of GCI pipe that was
exhumed after it had developed a leak.

GCl water pipes are vulnerable to corrosion which can result in the formation of localised pits or uniform wall loss
[4]. The reduction in wall thickness caused by corrosion increases the stresses experienced by the pipe material
and can lead to the formation of leaking cracks under service loading [5]. Smaller diameter GCI pipes can
experience biaxial stress states; internal water pressure causes a pipe to experience stress acting around its
circumference [6], whereas bending loads, such as vehicles and soil moisture response, cause stress acting in
the pipe’s axial direction [7, 8]. These loads are also time variable with the potential to cycle tens of times per day
[9, 10] and frequently result in stress histories with a non-zero mean stress [10, 11].

In certain circumstances, the cause of GCI water pipe leakage may be high-cycle fatigue cracking due to
multiaxial loading [11, 12]. Corrosion of GCI water pipes has been extensively researched [4, 13] but the fatigue
response of the pipe material is less well understood and fundamental research is required to address this gap.
Due to the focus of this work on replacing pipes before any leakage can occur, the fatigue processes of interest
are crack initiation and growth to a size that allows water loss.

Uniaxial fatigue loading refers to a time variable stress or strain applied to a material in a single direction.
Previous fatigue testing of water pipe GCI has been predominantly uniaxial [12, 14]. Cases where stresses or
strains act in more than one direction are referred to as multiaxial fatigue loading. Different materials respond to
multiaxial loading in different ways meaning this type of fatigue loading cannot usually be analysed using uniaxial
fatigue models [15]. Multiaxial fatigue models are used to predict how a given material will respond to a particular
multiaxial fatigue stress history, however, a wide range of these models are available and so it is important to
validate a model for the material of interest, preferably using experimental data [16-18].

Comparing the relative fatigue damage caused by the multiaxial load history experienced by different GCI water
pipes could be used to help select which pipes to replace, enabling water utility pipe replacement budgets to be
spent more efficiently. However, this has not been possible because no multiaxial fatigue model had been
calibrated and validated for water pipe GCl due to a lack of suitable fatigue data. Recently, the current authors
addressed this gap by using an extensive series of fatigue test data to identify a suitable fatigue criterion for
water pipe GCI, as detailed by John et al. [19] and summarised in the following section. The study detailed in this
paper aimed to build on this recent work by investigating whether the multiaxial combination of loads experienced



by GCI water pipes could be used to identify pipes at a greater risk of failure. This was achieved by using the
multiaxial fatigue criterion validated by John et al. [19] to compare the damaging effect of two different buried pipe
loading scenarios.

2. Multiaxial Fatigue of Water Pipe GCI

The work summarised in this section was first reported by John et al. [19] in International Journal of Fatigue. The
aim of the work was to identify a fatigue criterion that was able to predict the multiaxial High-Cycle Fatigue (HCF)
response of water pipe GCI. Due to the lack of multiaxial fatigue data available for GCI, a programme of fatigue
experiments was carried out to provide the data needed to select a suitable criterion. In this section, the fatigue
criteria that were tested are introduced. Then, the process used to generate the experimental data required to
calibrate and validate the fatigue criteria are described. To validate each criterion the predictions made by the
calibrated criteria were then compared with the experimental fatigue data.

2.1. Fatigue criteria

Due to the reported effectiveness of stress-based, critical plane, multiaxial fatigue criteria when predicting HCF
cycles to failure [16], four different variants of this type of criteria were tested. The Smith-Watson-Topper (SWT)
[20] and Modified Marquis-Socie (MMS) [21] criteria both assume that fatigue crack growth is dominated by
tensile crack opening. Both these criteria only require a fully-reversed uniaxial fatigue curve for calibration. The
Carpinteri—-Spagnoli (CS) criterion [22] and Modified Wohler Curve Method (MWCM) [23] consider both the
normal and shear stresses acting on the critical plane allowing them to be calibrated for different cracking modes.
The expense of this flexibility is that these two criteria require the fully-reversed uniaxial and torsional fatigue
curves for calibration, and the MWCM also requires a mean-stress uniaxial fatigue curve. The mathematical
expression for each of these fatigue criteria can be found in John et al. [19].

2.1. Fatigue testing

The experiments conducted by John et al. [19] aimed to generate the data required to calibrate the four fatigue
criteria introduced above and test the ability of these criteria to predict the multiaxial fatigue behaviour of water
pipe GCI. The stresses applied for this testing were intended to be straightforward to apply and provide a good
test for the multiaxial fatigue criteria, rather than to closely replicate realistic water pipe loading. A combination of
tensile and torsional loads was used.

GCI water pipes are no longer manufactured and exhumed water pipes are often heavily corroded [24]. It is also
difficult to obtain large amounts of metallurgically similar pipe material and produce torsional specimens from pipe
walls. To overcome these challenges, tubular fatigue specimens were produced from 16 new BS416-2 [25] soll
pipes sourced from the same foundry (Hargreaves Foundry, Halifax, UK). These pipes have very similar graphitic
microstructures, tensile stress-strain, and fatigue properties to water pipes [19, 26].

The uniaxial R = -1, uniaxial R = 0.1, and torsional R = -1 fatigue curves (where R = min. stress / max. stress)
were required for calibration purposes. To characterise these curves with sufficient certainty, five stress levels
were tested with two repeats per stress level. Data from combined tension and torsion (TT) loading was used to
test the fatigue criteria because this type of loading generates complex multiaxial stress histories. To provide both
proportional and non-proportional multiaxial stresses specimens were testing using tension-torsion in-phase
(TTIP) loading and tension-torsion 90° out-of-phase (TTOOP) loading. For these multiaxial loadings the aim was
to generate some data points across a range of stress amplitudes to compare against the model predictions, not
to characterise the curves fully, so three stress levels were tested with five specimens.

Examples of failed specimens under different loading conditions are shown by Figure 2. Key observations were
that the material demonstrated sensitivity to mean stresses and that for TT loading the addition of a tensile load
had a damaging effect relative to pure torsion. The different phasing of the TT loads appears to have had no
clear effect.

2.2. Fatigue criteria validation

The SWT, MMS, CS, and MWCM fatigue criteria were used to predict the cycles to failure of each fatigue test.
The fatigue criteria predicted cycles to failure are plotted against the measured cycles to failure in Figure 3 for all
load types. The effectiveness of each fatigue criterion was quantified using the mean square error quantity, Trus,
as detailed by Walat and Lagoda [27].

The two TT load types (TTIP and TTOOP) were the only data not used to calibrate any fatigue criteria, while the
uniaxial R = 0.1 data was only used to calibrate the MWCM. To compare the effectiveness of the fatigue criteria
Trums values were calculated for the TT loadings for each fatigue criterion (Trvs,11) and also for uniaxial R = 0.1
loading (Trms,m), but for only the SWT, MMS and CS criteria. These Trus values are given in Figure 3.

The predicted cycles to failure for each multiaxial fatigue criterion are plotted against the experimentally observed
cycles to failure for each specimen in Figure 3. Data points which fall on the solid diagonal line indicate perfect
prediction. The dash-dot lines show the 10% and 90% probability of survival scatter bands derived from the



uniaxial R = -1 experimental data. If all predictions for a given loading condition fall within these scatter bands
then the prediction error is effectively no worse than the experimentally observed scatter. The Trus values shown
on Figure 3 for each criterion quantify the effectiveness of each criterion. For example, for both the SWT and CS
criteria all the uniaxial R = 0.1 predictions fall within the scatter bands, however, the SWT criteria predictions are
closer to the perfect prediction line. In reflection of this, the Trus,m value for the SWT is lower than the CS value
(3.3 compared to 11.5) indicating the SWT provides better predictions for this data set.

All four fatigue criteria investigated were able to provide reasonable fatigue life predictions for the GCI pipe
material investigated with a very small number of data points falling outside the scatter bands for each criterion,
as shown by Figure 3. The MMS criterion offered the best multiaxial fatigue predictions (Trus, T = 5.6), closely
followed by the CS and SWT criteria (Trvs, 17 = 6.2 and Trus, 1T = 6.7 respectively). However, both the MMS and
CS criteria were unable to accurately predict the mean stress effect (Trusm = 22.8 and Trusm = 11.5
respectively) while the SWT criterion was able to predict this well (Trvs,m = 3.3) without needing mean stress
calibration data. A significant proportion of the stress cycles experienced by GCI water pipes are thought to
feature non-zero mean stresses [10, 11], therefore, the SWT criterion was considered to provide the best overall
fatigue life predictions for multiaxial fatigue of water pipe GCI in the HCF regime.

3. Methods

A multiaxial loading comparison was performed to test the sensitivity of the SWT criterion to multiaxial stresses
reflective of in-service loading experienced by small-diameter GCI water pipes. To test this sensitivity two load
conditions were considered: uniaxial loading and out-of-phase equibiaxial loading (see Figure 4). Uniaxial fatigue
loading could reflect a pipe experiencing internal water pressure fluctuations, while equibiaxial fatigue loading
could result from the same water pressure loading with the addition of bending caused by heavy road vehicles.

Reflecting the fact that fatigue stresses experienced by water pipes frequently feature a non-zero mean, the
uniaxial stress was characterised by a stress amplitude of 65 MPa with a load ratio of R = 0.1 (see Figure 4b).
The stress amplitude was chosen so that the predictions made using the SWT criterion were within the range the
criterion had been validated for. To isolate the effect of an added biaxial stress, the biaxial condition featured a
fatigue stress identical to the uniaxial stress in one direction (02 = 65 MPa, R = 0.1), but an additional fatigue
stress was also applied perpendicular to this (see Figure 4c). So that both stresses would be equally damaging
independently, the additional perpendicular fatigue stress was characterised by the same amplitude and load
ratio (0a = 65 MPa, R = 0.1). To reflect a very simplistic alternating biaxial loading the two stresses were
assumed to occur exactly out-of-phase. In other words, when the stress in one direction was at its maximum
value the stress in the other direction was at its minimum, and vice versa. To test the sensitivity of the SWT
fatigue criterion to the added biaxial stress predictions were made using this criterion for both load cases.

Using the same approach as John et al. [19], the SWT criterion was applied in a linear-elastic form [28]:

OgR=—1 = 4/ OnmaxE€na (1M

where: g, z=_; is the equivalent uniaxial fully reversed stress amplitude; o, ;4 is the maximum value of normal
stress on the critical plane; E is the material’s elastic modulus; and ¢, , is the normal strain amplitude on the
critical plane. The critical plane is that experiencing the maximum value of ¢, ,. To apply the SWT criterion using
a stress-based approach the normal strain on an aribtrary material plane, ey, multiplied by the material elastic
modulus, may be calculated from the plane’s stresses at any point during a load history using Hooke’s law:

Eeyi(t) = oy (t) = v[oy: (t) = 07()] (2

where: gy, oy and o,/ are the stresses acting on an arbitrary material plane defined by the axes X', Y', Z’ where
X' is normal to the plane; v is the material’s Poisson ratio; and ¢ is time. E¢,, , is calculated from Eey/(t) for each
plane, and the critical plane is that which features the maximum value of Ee,, ,. Cycles to failure are predicted
using equation (3):

N =N, (_)" (3)

where: N, is the high-cycle reference cycles to failure; o4 r=_ is the uniaxial fully reversed reference stress
amplitude, determined at N, cycles to failure; and k is the uniaxial fully reversed negative inverse slope. The
values used for g, z-_; and k were 85.8 MPa and 11.5, respectively [19].

4. Results

The SWT criterion predicted cycles to failure for the uniaxial and out-of-phase equibiaxial fatigue scenarios are
plotted in Figure 5. The cross on this figure indicates the number of cycles corresponding to a predicted
probability of survival (Ps) of 50%, while the bars show the range between the Ps = 90% and Ps = 10% cycles,



assuming the same degree of scattering observed for the uniaxial R=-1 experimental data. The overlap of the
scatter bars indicates that a pipe experiencing out-of-phase equibiaxial loading is not guaranteed to fail sooner
than if it were experiencing uniaxial loading. However, the average cycles to failure and scatter range for out-of-
phase equibiaxial loading is shifted downward by 74% relative to uniaxial loading, meaning that pipes
experiencing out-of-phase equibiaxial loading are predicted to have a higher probability of failing first.
Considering the predicted average values, 50% of the time uniaxial loading failures are predicted to occur by
2.47x10° load cycles, whereas this value drops to 6.54x10* load cycles for out-of-phase equibiaxial loading.

5. Discussion

The predicted 74% reduction in average fatigue life for equibiaxial loading does not mean that a real pipe’s total
years-to-failure would be reduced by an average of 74%; fatigue damage accumulation can only begin once
corrosion pits have grown to a sufficiently damaging size [11, 12]. However, the predicted reduction of average
load cycles to failure of 74% does indicate that water pipe GCl is likely to be sensitive to biaxial fatigue loading
and that biaxial fatigue loads have the potential to cause more damage, and therefore result in earlier failures,
than either load independently. The practical implication of this is that, for a small-diameter pipeline with internal
water pressure fluctuations, an individual pipe buried under a road used regularly by heavy vehicles has a greater
chance of developing a fatigue crack before another pipe in the same pipeline that is away from the road, if all
other conditions are identical. Uniaxial fatigue assessment alone could not have been used to make this
distinction.

Many GCI water pipes suffer from irregular corrosion pitting which may significantly affect the fatigue response of
biaxially loaded pipes by behaving as stress concentrating notches. Therefore, before water utility asset
managers are able to use pipe loading conditions to inform pipe replacement decisions a deeper understanding
is needed of the interaction between biaxial fatigue loads and the irregular corrosion pitting commonly found in
GCl pipes. To address this gap, a unique experiment has been developed at the University of Sheffield that is
able to simultaneously apply bending and internal water pressure fatigue loads to small diameter pipes (see
Figure 6a). This experiment is being used to investigate how different corrosion pit shapes and biaxial fatigue
load combinations affect the fatigue life and failure mode of GCI pipes. This experiment is also providing an
insight into the very early stages of leak development, which usually occur unseen underground. An example of a
fatigue-induced leak in a pitted pipe generated using this experiment is shown in Figure 6b.

6. Summary

The work detailed in this paper aimed to investigate whether the multiaxial fatigue loading experienced by Grey
Cast Iron (GCI) water pipes could be used to inform pipe replacement decisions. The findings of this paper show
that considering the multiaxial combination of loads applied to a pipe has the potential to help inform pipe
replacement decisions where the aim is to prevent leakage. Applying the validated SWT multiaxial fatigue
criterion to a simplistic but realistic scenario has shown that a small-diameter pipe buried under a road and
subject to water pressure loading has a greater chance of developing a fatigue crack before a neighbouring pipe
away from the road if all other conditions are identical. Uniaxial fatigue assessment alone could not have been
used to make this distinction. Further investigation is required to fully understand the effect of fatigue load
combinations and how these interact with other factors such as corrosion pitting.
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Figure 1: Example of a leaking cast iron pipe from Barton et al. [1].

a)

Figure 2: Examples of failed specimens tested under a) uniaxial loading, b) torsional loading, and c) out-
of-phase tension-torsion loading from John et al. [19].
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Figure 3: Predicted cycles to failure vs measured cycles to failure for four fatigue criteria from John et al.
[19]. Dashed lines show the fully reversed uniaxial scatter band.
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Figure 6: (a) Cutaway render of the pipe biaxial fatigue test apparatus which is able to apply four-point
bending and internal water pressure fatigue loads, and (b) an image showing a pitted pipe leaking as a
result of water pressure fatigue loading.



